Abstract -One of two general classes of molybdoenzymes contains mononuclear catalytic sites and effects oxidation or reduction of substrate x/x0 by oxygen atom transfer: X + (0)XO. The reaction LMoO2 + X -3LMo0 + X0 is well established in synthetic systems, and is fre- In a synthetic approach to these sites, the ligand pyridine-2,6-bis
INTRODUCTION
Molybdenum-containing enzymes are of two types: nitrogenases (1) (2) (3) (4) (5) (6) , which catalyze the reduction of dinitrogen to ammonia, and oxo-transfer enzymes (2, 3, 7, 8) , which catalyze what is in effect the transfer of oxygen atoms from or to the substrates X/XO. The latter transformations may be written most simply as reaction [1] or, to emphasize the two-electron nature of the overall processes, as the half-reaction [2] . Representative molybdoenzymes of X+(O) xO [1] X+H20 ± XO+2H++2e [2] the oxo-transfer type are listed in Table 1 • For sulfite oxidase and xanthine oxidase/ dehydrogenase in particular, abundant evidence has demonstrated that a mononuclear Mo coordination unit is the catalytic site. In addition to this site, every enzyme that has been at least partially characterized contains one or more prosthetic groups (heme, flavin, Fe-S cluster) capable of electron storage and transfer.
Both nitrogenase and oxo-transfer molybdoenzymes contain dissociable cofactors that are obligatory for catalytic activity but which, except for containing all the molybdenum in a given enzyme, are chemically unrelated. The cofactor of nitrogenase is a Mo-Fe-S cluster of incompletely defined composition and structure (9, 10) . The cofactor (Mo-co) of oxo-transfer enzymes (11) is not yet well characterized but has been shown to contain a pterin nucleus carrying a potentially coordinating side chain. Certain leading results of the Duke group (12) (13) (14) bearing on the structure of Mo-co from several enzymes are schematically illustrated in Fig. 1 . Denaturation of sulfite oxidase and xanthine dehydrogenase from chicken liver and Chlorella nitrate reductase with 6 M guanidine HC1 in the presence of KI and 12 led to dissociation of the same fluorescent species (form A). When denaturation was performed in boiling pH 2.5 solution, a different fluorescent species (form B) was released. The permanganate oxidation products of these forms were identified as pterin-6-carboxylic acid (!) and pterin-6-carboxylic-7-sulfonic acid (2) . Oxidation of urothione (3) also afforded 2, indicating a structural relationship between form B and 3. Prior to oxidation form B was shown to possess a terminal phosphate group, which was removable with alkaline phosphatase to form a glycol. The finding that persons deficient in Mo-co are devoid of 3 in urine samples provides a metabolic link between the cofactor and urothione. On the basis of these and other observations, including the presence of two sulfur atoms in 3 and the detection of Mo-S ligation from EXAFS analysis, the partial structure 4 of the active form of Mo-co was proposed (13). Because all observations leading to 2 heme Drosophila me/onoqaster 4 this proposal were made under oxidizing conditions, the tetrahydropterin nucleus of 4 was not observed. It and the 1,2-dithiolene structure in the side chain are conjectural. what structural features detectable in EXAFS spectra are common to the Mo coordination unit in the native enzymes and in Mo-co. The existence of a cofactor was first suggested by genetic results obtained in 1964 (18). The proposition of a common cofactor was placed on firm grounds by the work of Nason etal. (19) , who demonstrated activation of nitrate reductase from Neurospora crassa mutant nit-i by addition of extracts of the wild type organism and other molybdoenzymes whose cofactors are dissociated by acid treatment. Subsequent significant observations include reconstitution of demolybdo sulfite oxidase obtained from the livers of tungsten-fed rats by the same sources of cofactor active in the Neurospora nit-i systems (20) ; and the absence of cross-complementary activation of nit-i nitrate reductase and an inactive nitrogenase from a mutant strain of Azotobacter vinelandii by the cofactors of nitrate reductase and xanthine oxidase, and the nitrogenase cofactor (21) . The ability to reconstitute to full activity cofactor-deficient enzymes by extracts from active forms of the same and different oxo-transfer enzymes (14) strongly implies a common structure of at least the organic component binding the Mo atom in Mo-co. However, given the EXAFS determinations of the minimal coordination units 5-9 of different enzymes, it appears that all features of these units are not conserved.
We have undertaken an investigation whose goal is the simulation of stoichiometric or catalytic reactions of the enzymes in Ekble 1 using credible synthetic representations of their Mo sites. These sites must, inter alia, (i) approach or duplicate the native ligand set, (ii) execute the forward or reverse reaction [3] with substrate X/XO, and (iii) not undergo the p-oxo dimerization reaction [4] . To satisfy requirement (i), the ligand set L1 must [4] 2n n n n contain at least two thiolate ligands. Requirement (ii) is offered in terms of the overall reaction [3] , with the allowance that the oxygen atom actually transferred may derive from solvent water. Reaction [4] is prevented by protein structural constraints, thereby leading to requirement (iii). Further, if dimerization is irreversible in model systems, even stoichiometric conversion of substrate in reaction [3] is precluded provided the two reactions have competitive rates. While a number of interesting structural models of enzyme sites, especially those containing the MoO2 unit, have been prepared (22) (23) (24) (25) (26) (27) (28) , none satisfies requirements (i)-(iii) simultaneously. We describe here some of our initial results on biologically relevant oxo-transfer reactions with Mo(VI,IV)-oxo-thiolate complexes (29) .
The dimerization reaction [4] is a pervasive feature of synthetic molybdenum chemistry. Many examples of irreversible and reversible reactions have been described. In addition to their deleterious effect on substrate oxidation or reduction, irreversible reactions prevent the synthesis of MoOL complexes by the frequently employed method of oxo atom abstraction from MoO2Ln species with oxophilic reagents. Reversible reactions do not necessarily prevent substrate transformation or synthesis of Mo(IV) complexes but, as already noted, they are not realistic components of a model enzymatic reaction system. There being no assurance at the outset that systems lacking this reaction could be achieved, a kinetics analysis allowing abstraction of the rate constant k1 or k_1 of an irreversible reaction [31 in the presence of a reversible reaction [4] was developed (30) . Prior kinetics treatments of this problem have been inadequate in scope and accuracy.
The prototype system selected for investigation was composed of reactions [5] and [6] Mo203L4 Z MoO2L2 + MoOL2
k_2 has as its only assumption equilibrium of the dimerization reaction at all points along the oxo transfer reaction coordinate. Under this assumption the rate law is given by eq. [7] , where dx is the infinitesimal concentration change along the oxo transfer coordinate, dy is
the corresponding change in the dimerization reaction to maintain equilibrium, P = [R3P]
and C is the total concentration of Mo in all forms. Separation of variables and integrati8n affords the integrated rate law given in functional form as eq. [8] ; the explicit expression is available elsewhere (30) . Rate constants evaluated from fits of absorbance data to the
K, C, P) [8] rate law are given in Table 2 . Values of k1 monotonically increase with increasing phosphine nucleophilicity. In this system the li-oxo dimer is extensively dissociated. The forward and TABLE 2. Kinetic and equilibrium data for reactions [3] and [4] (L = Et2NCS) reverse rate constants of reaction [6] , measured by the temperature jump method (32), correspond to appreciable rates in both directions. These and the excellent agreement between experimental absorbance vs. time behavior and that calculated from the theoretical rate law demonstrate the validity of the treatment.
In further experiments it was determined spectrophotometrically that MoO(S2CNEt2)2 in Me250 was oxidized to Mo02(S2CNEt2)2 in reaction [9] , consistent with an earlier visual observation (33) . This reaction, which is an example of the reverse of reaction [3] , is rather slow.
MeSO
(MeS Mo02(L-N02)(Me2SO) has distorted octahedral stereochemistry with cis oxo and trans alkoxide ligands; Me2SO is coordinated through its oxygen atom. Overall, the stereo-rate of reaction [10] is orders of magnitude faster, suggesting that breaking of the bond to oxygen is the most important factor (in the absence of steric effects) in governing oxo atom transfer to the Mo(IV) reactant. These results demonstrate oxo transfer to and from substrate and show that rate constants for these processes can be abstracted from systems consisting of the coupled reactions (3] and (4] , so long as the latter is reversible and equilibrates quickly. However, reaction systems lacking the dimerization equilibrium are far more convenient to examine and, as already emphasized, are the more biologically realistic. Their development constituted the next phase of the investigation.
STERICALLY HINDERED MONONUCLEAR MOLYBDENUM(VI, IV) COMPLEXES
Synthesis. Suppression of the dimerization reaction [4] by steric constraints was examined in the form of the products of synthetic schemes (11] and [1 2] . Di lithiation of 2, 6-lutidine (10) follod by reaction with benzophenone and hydrolysis gave the diol 11 (L-N(OH)2, 36%), which with Mo02(acac)2 yielded the colorless complex 12 (Mo02(L-N02)(MeOH), 90%). S-protection of diphenylmethanethiol, lithiation, and reaction with bis(2,6-bromomethyl)pyridine afforded the protected dithiol 13 (82%). Deprotection of this compound produced the sensitive dithiol 14 (L-N(SH)2), which with Mo02(acac)2 smoothly formed the orange Mo(VI) complex 15 (MoO2(L-NS2), 85%). Treatment of 15 with Ph3P in DMF yielded the purple Mo(IV) complex 16 (MoO(L-NS2)(DMF)). The brown Mo(V) complex 17 was obtained by the reaction of 14 with MoO-(acac)2C1 in methyl alcohol.
At this stage of development of the problem, the two thiolate ligands in the complexes of 14 provide a reasonable solution to requirement (i).
Ligands 11 and 14 carry bulky gem-diphenyl substituents next to coordinating oxygen and sulfur atoms, respectively, in an attempt to prevent dimerization by steric hindrance. [11] Mo02(acac)2 MeOH (.Mo 
13
(THP) [12] chemistry is rather similar to those of other six-coordinate MoO2 complexes (23) (24) (25) 34) . The This distance is essentially the same (2.420 A) in 19, a distorted octahedral complex derived from pyridine-2,6-dimethanethiol and crystallized as its tetramethylsulfoxide adduct (25) .
The structures of 16 (and other adducts) and 17 have not yet been determined by diffraction methods.
The proposed structures are based on replacement of one oxo ligand of 15 with retention of five-coordinate geometry. The phenyl groups in 15 and 18 provide an extent of frontside hindrance to their Mo atoms, one aspect of which is the projection of their structures on the Mo=0 bonds, i .e., along the direction of potential p-oxo bond formation.
LIGAND SITE PREFERENCES
The distorted octahedral structure of Mo02(L-N02)(Me2SO) (18) is typical of the majority of known M0O2X2L2 structures in which X is an anionic and L is a neutral ligand. These complexes are characterized by cis oxo atoms and trans X ligands and X-Mo=0 angles somewhat greater than 90°. The reasons for the stability of this structural type raise some important issues with regard to bonding in dioxo-Mo(VI) comple:es. 21 has not yet been observed in a Mo02-thiolate complex, although two complexes with Mo02(OR)2(imine)2 coordination units possess analogous stereochemistry (36) . The local minimum derived from starting configurations of 22 correspond to a severely distorted octahedral arrangement, with the 0=Mo=O angle (160°) closed down substantially from 180°. This arrangement bears a definite resemblance to the unusual skew-trapezoidal geometry exhibited by Mo02(SCMe2CH2NHMe)2 and related complexes (23) . The enhanced stability of 20-22 compared to 23 and 24 can be rationalized in terms of the presence of only one unfavorable trans 0=Mo=0, HS-Mo=0, or HS-Mo-SH interaction, whereas the latter two species have two such interactions.
On the basis of experimental observations, structure 20 is the most stable configuration. This is an example of the usual circumstance of weaker it-bonding higands trans to oxo atoms where they are not competing for available empty d-orbitals (37) . However, in systems where the thiolate higands are constrained so that they cannot be mutually trans, structure 21 and 22 (with a bent MoO2 group) are reasonable possibilities. The suggested partial structure 4 of Mo-co contains cis thiolate higands.
If in its dioxo-Mo(VI) form the species is sixcoordinate, the results of this treatment suggest that structures 21 and bent 22 are more viable configurations than 23, which contains two unfavorable [HS_Mo=O13+ interactions. Conclusions as to relative stabilities of 20-24 are not significantly dependent on the choice of Mo-S-H torsional angles.
The method is readily extended to five-coordinate Mo(VI) structures of hypothetical 11002 (SH-(NH3). For this case there are 51/213! = 10 angular interactions. There are at least six local minima in the energy surface arising from the AAI procedure. One of these corresponds to the structure of Mo02(L-NS2) (15), viz., a distorted trigonal bipyramid with axial thiolate higands. Interestingly, this configuration is 0.3 eV higher in energy (by the AAI procedure) than another trigonal bipyramidal configuration with axial oxo and NH3 higands, related to the preceding structure by a pseudorotation. This observation suggests that the observed structure 15 is set by chelate higand constraints that place the sulfur atoms in axial positions, at a S-Mo-S angle of 156.4°.
REACTIVITIES OF COMPLEXES 15 AND 16
Oxo'ransfer to Substrate. The propensity of MoO2(L-NS2) (15) to transfer an oxygen atom to substrate was examined in systems containing Ph3P in DMF. Spectral changes pursuant to the reaction in one such system are shown in Fig. 2 .
The initial complex has bands at 385 (CM 4400) and 449 (3900) mu. These are thiolate LMCT absorptions and are possibly related to the features at 350 and 475 nm in the spectrum of the isolated Mo domain of sulfite oxidase (38) .
Few spectra of dioxo-Mo(VI) thiolate complexes have been reported; those of, e.g., [14] spectrum after completion of reaction. Signals at -4.6 (Ph3P), 25.9 (Ph3PO), and 43.5 ppm vs. 85% H3P04 (external) were observed. The last signal was assigned to MoO(L-NS2)(OPPh3). Relative signal intensities were consistent only with reaction [13] , in which 1 equivalent of Ph3P/Mo is consumed. Further, the final absorption spectrum is identical to that of MoO(L-NS2)(DMF) (16) isolated in Scheme [12] . These results unequivocally demonstrate the absence of a p-oxo dimer product. In 1 ,2-C2H4C12 solution complex 19 reacts with Ph3P to yield a brown, sparingly soluble solid (VMQO 945, 790 cm ). The same product results from the reaction of pyridine-2,6-dimethanethiol with Mo203 (acac)4. By its method of synthesis this product is identified as the (i-oxo dimer Mo2O3(C5H3N-2,6-(CH2S))2 .
The formation of this species stands in strong contrast to the outcome of reaction t13]. The gem-diphenyl groups of 15 evidently provide the intended steric suppression of p-oxo dimer formation, affording in this sense a more biologically realistic oxo-transfer reactant.
As will be seen, the same behavior holds in oxo-transfer processes of complex 16.
Reaction [13] conforms to the rate law [15] . At 23°C k = 7(1) x M1 s, a value ten times smaller than the rate constant for the reaction of Mo02(S2CNEt2)2 with the same phosphine in 1,2-C2114C12 (Table 2) . It is an order of magnitude larger than the rate constants
for the more reactive Ph2PEt with a series of MoO2 complexes containing tridentate salicylaldimino ligands with one coordinated thiolate (40) .
Formation of 11-oxo dimers apparently does not intervene in these systems, whose rate constants increase with increasing potentials Ep,c for irreversible reduction of the Mo(VI) reactants. The latter observation is consistent with our finding that, while 15 (E = increased reaction rates.
Oxo Transfer from Substrate. Documented (non-enzymatic) examples of the reverse of reaction [3] , wherein substrate is reduced and Mo is oxidized, are rare. Reactions [9] and [10] effect substrate reduction and led to an examination of reaction [16] , which is readily monitored spectrophotometrically. Spectral changes are the reverse of those in Fig. 2 , with the
365 and 528 nm bands decreasing, and the 449 nm band increasing, in intensity as the reaction proceeds. Analogous isosbestic points are observed. Reaction [16] shows remarkable kinetic behavior. At sufficient levels of Me250 the rate is independent of substrate concentration. The rate dependence on Me2SO concentration is shown in Fig. 3 . The saturation effect is 0.0020 analogous to frequently observed enzymatic behavior and, as in such cases, it arises from substrate binding prior to conversion to product. The situation is described by reactions [17] and [18] . The rate law, expressed in terms of the disappearance of the combined Mo(IV) , entirely analogous to a Lineweaver-Burk plot used in enzyme kinetics analysis, has the form of eq. [21] . From the plot in Fig. 4 , [19] [20] Catalysis.
Reactions [13] and [16]
, involving oxidation of Ph3P and reduction of Me2 SO, respectively, may be coupled to form a catalytic system which is operable at ambient temperature. In one experiment Mo02(L-NS2) was treated with 25 equivalents of Ph3P in Me2SO solution. After 18 hours the system was examined by 33-P NMR spectroscopy, which revealed that in excess of 20 equivalents of Ph3P had been oxidized to 3PO. In a parallel experiment, the reaction system was purged with N2 and the gas was passed into an aqueous HgCl2 solution, from which the known compound (HgCl2)3(Me2S)2 (41) precipitated. Greater than 95% of this compound, based on phosphine added, was recovered. No reaction occurs between Ph3P and Me250 at19O°C for at least 1 hour (41). These observations are summarized in the catalytic cycle [22] .
In further experiments d-biotin sulfoxide (25) , a biological substrate (vide infra), was
shown to be reduced in reaction [23] to d-biotin (26). The overall reaction involves a
OWO+MoOLNS2
(DMF) [ 
23] + Mo02(L-NS2)
sequence parallel to reactions [17] and [18] , with K = 1.6 x 1O' and k1 = 1.4 x 1O s.
Catalytic turnover in a cycle analogous to [221 has not yet been investigated, but there is no apparent reason why 25 and 26 would not function in this respect.
RELEVANCE TO ENZYMATIC REACTIONS
The reduction of sulfoxides by MoO(L-N52)(DMF) is of particular significance in view of the discovery that d-biotin sulfoxide reductase from E. coli is a Mo-co dependent enzyme (42) . The demonstration of a common cofactor for oxo-transfer molybdoenzymes (11) (12) (13) (14) facilitates this conclusion, although at present the enzyme has not been extensively purified (43) . Genetic studies have revealed that at least five genes are involved in the expression of d-biotin sulfoxide reductase activity (42, 44) . Moreover, four of these have been implicated in the expression of nitrate reductase activity. These genes appear to be involved in the synthesis or processing of the Mo-co required by nitrate reductase. A molybdenum requirement is further supported by the observation that the presence of tungstate in the growth medium sharply reduces the specific activity of the d-biotin sulfoxide reductase present (42), paralleling observations with other molybdoenzymes (45) (46) (47) . Although further characterization of this enzyme is clearly necessary, its Mo-co dependence appears to be adequately substantiated.
d-Biotin sulfoxide reductase apparently functions to recover the vitamin d-biotin from its adventitious oxidation product 25. Enzymatic systems involved in the reduction of methionine sulfoxide to methionine have also been discovered and partially characterized (48-50). Inasmuch as the oxidation of Met residues in a number of proteins has been correlated with loss of biological activity and with several pathological conditions (51), including cataracts (52) and emphysema (53) , these enzymes may be of considerable physiological importance. One enzyme, from E. coli, which acts on free methionine sulfoxide but apparently not on MetSOcontaining peptides, has been purified to near-homogeneity (49). It is not known at present whether this or any of the other methionine sulfoxide reducing systems are molybdenumdependent. The E. coli enzyme has an apparent molecular weight of 21,000 daltons and a maximum specific activity which corresponds to a turnover rate of 1.6 x iO l, a rather small value for an enzymatic reaction. The saturation kinetics operative in model systems permit a direct comparison with enzymatic rates. Interestingly, the enzymatic rate is an order of magnitude slower than that of the model system with Me2SO as the substrate. This indicates that Mo-based oxygen atom transfer chemistry can be kinetically competent for involvement in biological reactions. Dimethylsulfoxide is also reduced by a number of other organisms (54), ranging from bacteria to higher plants to animals, although this ability is not universal. In yeast this activity appears to be due to the methionine sulfoxide reducing systems present, inasmuch as methionine sulfoxide is a potent inhibitor of Me25 product formation (55) . The origin of reducing activity in other organisms remains to be characterized.
In this investigation, examples of the forward and reverse reactions [3] without detectable occurrence of the dimerization reaction [4] have been demonstrated. At this stage, reactions [16] and [23] and their associated kinetics features offer encouraging approaches to the Momediated biological reduction of sulfoxides. The ability of Mo02(L-N52) and MoO(L-NS2)(DMF) to transform other potential substrates by oxo-transfer reactions remains to be investigated. Several qualifications of the present results in the biological context are noted. The preceding reactions present one possibility for biological sulfoxide reduction --direct oxygen atom transfer from substrate to reduced enzyme --but other pathways, e.g., reductive oxygen removal to form water, are readily conceived. The extent to which the complexes MoO(L-NS2)-(DMF) and Mo02(L-NS2) are reasonable structural models of the catalytic site of an enzyme such as d-biotin sulfoxide reductase can be assessed only after the enzyme has been thoroughly characterized. Development of the cycle [22] demonstrates that suitable coupling of oxo-transfer reactions effected by the foregoing complexes can result in catalysis. Obviously, Ph3P is a non-physiological reductant. It and other tertiary phosphines have previously been shown to be catalytically oxidized in aerial systems containing dioxo-Mo(VI) complexes (56, 57) .
In vivo, the source of electrons for reduction of sulfoxides appears to be thiol groups of cysteinyl-containing proteins. For methionine sulfoxide reductase in yeast, this protein is thioredoxin (58, 59) .
For E. colid-biotin sulfoxide reductase, a different heat-stable protein is involved which cannot be replaced by thioredoxin or glutaredoxin (43) . In the case of E. coli methionine sulfoxide reductase, the thioredoxin system may be replaced in vitro by the artificial reductant dithioerythritol (52) .
The cycle [24] incorporates these observations in a suggested scheme for enzymatic reduction of sulfoxides. The relation between it and the cycle (22] is apparent. Allowance is made in cycle [24] for reduced substrate binding prior to release. More important is the inclusion of the reaction 2RSH -* RSSR ÷ 2H + 2e • A more biologically realistic version of cycle [22] would include this couple as a reductant.
Further research will involve attempted inclusion of dithiols in cycle [22] instead of phosphines, examination of the reaction of MoO(L-N52)(DMF) and MoO2-(L-NS2) with other potential substrates, and a study of the EPR spectra of Mo(V) complexes and others) to search for any relationships between spectral features of synthetic cornplexes and those of Mo(V) interrnediates in enzyrnatic catalysis (7, 8) .
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